Little is known of the nature of the relationship of the concentration of blood gases, and of changes in pH of the blood to the responsiveness or state of tonns of the finest blood vessels (i.e., the vessels beyond the arterioles). Investiga-
tions of a qualitative nature have led to the gene.ral belief that acids and carbon dioxide cause dilatation of the capillaries while alkalies and oxygen cause constriction (1) (2) (3) . However, such experiments were largely confined to the local application of these substances in unphysiological concentrations. They suffered, moreover, from the added disadvantage that they were performed, for the greater part, upon lower animals, such as the frog. The development of a simple method for measuring quantitatively the hyperemia responses of the smallest Mood vessels of the intact skin to local ischemia has provided the means for studying the reactivity of these vessels following systemic alterations of blood gases and changes in blood pH in human beings (4) .
Methods and Procedures
Quantification of Reactive Hyperemia.--The apparatus and methods of using this test have been fully described. Individual physiological variables, seasonal and segmental differences have likewise been described recently (4, 5) . Therefore, a brief account for purposes of orientation will now suffice.
Upon the skin of the ventral surface of the forearm, three rubber rings with surface areas of 5 sq. cm. each and with a weight loading of 100 gm. per sq. cm., are simultaneously applied. This is achieved with the aid of a suitable arm rest to which the weights are attached by a lever system. With this they can be lowered gently and accurately upon the skin. It will be seen that this procedure causes an ischemia of the dermal blood vessels immediately beneath, and only beneath, the rubber rings. After a period of time measured in seconds, the weighted rings are removed and the resulting areas of reactive hyperemia are carefully observed. If the period of application has been just sufficient to produce a ring of hyperemia localized exactly to the area of application of the rings, and if these, in turn, have discrete edges and are of even intensity and color, the threshold expressed in seconds is obtained. The length * This investigation has been aided by grants from the Josiah Macy, Jr., Foundation and the Committee on Endocrinology, National Research Council. 401
of time in seconds the threshold response requires to fade to the color of the surrounding skin is known as the clearing time. When the period of ischemia is less than threshold, an area of hyperemia results whose edges are diffuse and which is mottled; when the period of ischemia is greater than threshold, the hyperemic response is very intense, extending beyond the exact area of application, and a flare is present. With quickly acquired experience, the observer soon learns to read the threshold responses with a 4-3 per cent error. The use of three separate weights allows comparison of three results simultaneously, thus contributing to the accuracy of the reading. A seasonal variation has been found to exist in this response (4) . Thus, while the threshold is 10 to 15 seconds in midsummer, it may rise to 70 or 80 seconds in midwinter with corresponding greater rises in the clearing times. Since in this investigation the data were collected within a period of 2 weeks (late fall), the seasonal variable does not enter as a significant component.
All observations were made in a room with a temperature of about 75°F. Reading of the hyperemia responses was facilitated greatly by use of a blue mazda light bulb. The subjects were seated comfortably and were completely rested before each determination.
The advantages of using a method such as this for quantitating the responses of the small dermal blood vessels are several. It is easy and quick to perform, thus making these experiments possible. The threshold is an indication of the responsiveness (or state of tonus) of the smallest dermal blood vessels for it measures the amount of hypothetical "H" substance and collection of metabolites consequent to ischemia necessary to cause a certain amount of reactive hyperemia (6) . In addition, the clearing time affords a direct indication of the rate of blood flow in these small dermal vessels (4, 5) .
Experiments on Anoxemia and Hypercapnia.--The subject breathed room air from a closed 72 liter tank. Carbon dioxide was absorbed from the expired air by a sodalime cartridge. A tambour on one end of the tank permitted mensuration of respiratory rate and excursion. The volume of oxygen removed was measured by adding water to the tank at intervals exactly replacing the amount the subject utilized. From this the volume per cent of oxygen in the inspired air could be calculated. Blood pressure and pulse rates were taken at 5 minute intervals along with each determination of the hyperemia response.
The experiments on hypercapnia were made in exactly the same way as the anoxemia experiments except that the carbon dioxide of the expired air was not removed. Estimations of the carbon dioxide tension of the air in the tank were made at 5 minute intervals by the method of Marriott.
Experiments on Acidosis and Alkalosis.--All subjects went without breakfast or any meal throughout the experiment. They were allowed to drink as much water as desired. The bladder was emptied early in the morning. 1½ hours later the bladder was emptied again. This was the control urine. During this interval the control observations on reactive hyperemia were also made. Now, the subject took either 5 to 10 gin. of ammonium chloride or 10 to 15 gm. of sodium bicarbonate to produce either acidosis or alkalosis. Observations on reactive hyperemia were made at hour intervals for 5 hours. The subject also emptied his bladder at each ~ hour interval.
To test the disturbance in acid-base equilibrium in each subject, it was found most practical to analyze the urine specimens for total acidity and urinary ammonia and amino acids. This was done by the usual method of titration with 0.1 N sodium hydroxide to an end-point using phenolphthalein as indicator, then addition of neutralized formalin and titration to the second end-point. The results were computed for the total volume collected in each interval.
RESULTS
Anoxemia.--Nine experiments were performed on subjects (seven males and two females), all in the third decade of life except one who was in the fourth decade. The data obtained were averaged and compiled into one composite chart (Fig. 1) . Since all the results in these experiments were in the same direction, such a chart of the mean results of nine individual experiments may be taken as a reliable indication of the average expectancy of such experiments.
Both the threshold and clearing time began to rise immediately and before any changes in heart rate, blood pressure, or respiratory rate and depth were noted. This rise continued steadily with the falling oxygen percentage of inspired air. At the termination of the experiments, when an average concentration of oxygen of 9 volumes per cent in the tank air was reached, corresponding to an altitude (with respect to per cent of oxygen, but not pressure) of approximately 22,000 feet, there had been a more than 30 per cent rise in the threshold and nearly a 50 per cent rise in the clearing trine of the hyperemia responses.
Thus it is evident that systemic anoxemia causes a marked decrease in the sensitivity of the small dermal blood vessels to local ischemia. Since the clearing time has been shown to be directly related to the blood flow in these small vessels (4, 5) , the increased clearing time obtained in this instance indicates a considerable decrease in the rate of blood flow in these fine vessels.
Hypercapnia.--Again the data from nine separate subjects in the third decade of life (eight males and one female) were compiled into a composite chart (Fig. 1 ). There is a slight rise in threshold and a greater rise in clearing time at the end of the first 5 minutes. Thereafter, there is no further rise in threshold and an actual decrease in the clearing time which continues until the experiment is terminated. At this time the concentration of carbon dioxide in the inspired air has risen to 45 volumes per cent.
It is notable that despite the remarkable rise in pulse rate, blood pressure, and respiratory rate and depth, the responses of the smallest blood vessels remained practically unchanged throughout the experiment after the initial changes. This, along with the fact that changes in the responses of the small blood vessels occurred in the anoxemia experiment before any changes in pulse, blood pressure, and respiratory rate had taken place, demonstrates the independence of action of the small dermal blood vessels as contrasted with the functions of the arterioles. Fro. 1. Top, the effects of anoxemia and hypercapnia upon the threshold (solid dots) and clearing time (blank triangles) expressed in seconds of reactive hyperemia in the skin. Middle, stippled areas indicate pulse pressure; crosses and discontinuous line, the heart rate. Bottom, continuous line, respiratory rate; squares, minute volume index (per cent) ; triangles, tidal air (per cent). (See text for discussion.)
It can be concluded, therefore, that retention of carbon dioxide in the blood completely neutralizes the effects of anoxemia upon small blood vessel responsiveness. Indeed, it renders them more sensitive in other ways, for this was proven in a previous experiment upon the effects of hypercapnia on the responsiveness of these small vessels to graded mechanical stimulation (7) .
Acidosis and Alkalosis.--In order to further elucidate the mechanisms by which variations of the concentration of blood gases cause changes in small dermal blood vessel responsiveness, experiments were performed on systemic acidosis and alkalosis as described above. Again it was decided to make a composite chart to simplify visualization of the data. Eight individual subjects, all in the third decade of life, were used in each experiment. Fig. 2 shows the thresholds and clearing times of the hyperemia test plotted at 30 minute intervals for the period of the experiment. The combined units (equivalents, in cubic centimeters, of 0.1 N acid) of urinary total acidity plus urinary ammonia also plotted indicate the direction and magnitude of the disturbance in acid-base balance.
In the experiment on alkalosis (ingestion of 10 to 15 gm. of NaHCO3), it is seen that there is an immediate fall in the threshold and an even greater fall in the clearing time at the end of 30 minutes. The fall in the threshold continues to the lowest point at the end of 120 minutes then it rises slightly, reaching a constant level at 210 minutes and continues at that level until the end of the experiment. The thresholds and clearing times follow rather well the changes in the total excretion of urinary total acidity and ammonia. The slight discrepancies may be explained by the lag which exists when the urine is analyzed at 30 minute periods. When the experiment was terminated the excretion of acid bodies in the urine was below the control level as was the threshold and clearing time. Thus it may be concluded that systemic alkalosis produced by ingestion of sodium bicarbonate causes an increased sensitivity of the smallest cutaneous blood vessels to local ischemia and an increase in the rate of blood flow through the skin as indicated by the shorter clearing times.
A similar experiment was performed again except that 5 to 10 gin. of ammonium chloride were administered to the subjects, thus producing systemic acidosis. Fig. 2 shows that, again, the thresholds and clearing times of the hyperemia responses parallel the total excretion of acid bodies in the urine. Again the changes in the responses reached a maximum at 120 minutes after ingestion of the salt. At this time, the excretion of urinary total acidity and ammonia has also reached a maximum. At 210 minutes the hyperemia responses had again reached control levels although the excretion of acid bodies in the urine continued to be higher than the control.
Thus, it may be concluded that systemic acidosis, produced by the ingestion of 5 to 10 gm. of ammonium chloride, causes a decrease in the sensitivity of the smallest cutaneous blood vessels to respond by reactive hyperemia to local The results of these two experiments are summarized in Table I to show the direction and magnitude of the response of each of the sixteen subjects. The maximum changes in direction of the thresholds and clearing times of the hyperemia response and the urinary total acidity plus ammonia are expressed as percentage deviation from the control figures. It is seen that the magnitude of the urinary changes does not correlate with the magnitude of the changes in the hyperemia responses. This may be because the total urinary acidity 
Remarks
Reversed reactions shows only the direction in which acid-base balance is disturbed but does not reflect the actual changes in blood pH or carbon dioxide content accurately, t Three subjects listed in Table I showed responses worthy of mention. These we designate as "reversed reactions." They consist of the usual hyperemia response to the local ring of ischemia, but which, in this instance, is quickly replaced by a ring of constriction or pallor. It occurs only when the clearing 1 One subject, V.H., in the acidosis experiment had an opposite effect in his hyperemia responses. This must be discounted because during the experiment he experienced marked vasomotor reactions from the ammonium chloride. However, his results are averaged into the total. time of the hyperemia response, as we determine it, is much shorter than the threshold time. Thus subjects P.K. and A.G. (Table I ) who showed reversed responses had clearing times which were much shorter than their threshold times in the control period. At the height of the acidosis effects, however, the clearing times became longer than the threshold times and the reversed reaction disappeared. In subject J.B. (Table I ) the exact opposite occurred, i.e:, he acquired a reversed reaction at the maximum depression of the threshold and in this instance a greater depression of the clearing time resulting from the alkalosis, while at the beginning and at the end of the experiment he had normal reactions.
These reversed reactions undoubtedly result from an excessive hyperemia response. More of the hypothetical "H" substance and other metabolites are removed than is necessary and the vessels swing over to a state of constriction until an equilibrium is attained.
DISCUSSION
In seeking an explanation of the changes in small cutaneous blood vessel reactivity with changes in concentration of oxygen and carbon dioxide in the blood, it is necessary to first consider how the acid-base balance of the blood is altered under the conditions of these experiments. Haggard and Henderson (8) have shown and Koehler et al. (9) have confirmed that short periods (less than 1 hour) of anoxemia with removal of carbon dioxide, as in our experiments, result in alkalosis. Ultimately, with periods of anoxemla longer than 1 hour, acidosis is obtained. In the hypercapnia experiment in which carbon dioxide removal is prevented by allowing its concentration to rise in the closed tank, acidosis undoubtedly results immediately in the subject. It is, therefore, obvious that the changes in blood vessel responsiveness in anoxemia and hypercapnia cannot be explained on the basis of the results in the alkalosis and acidosis experiments, for an opposite effect would have been obtained. For example, in the anoxemia experiment in which alkalosis is presumably present, the small cutaneous vessels become less sensitive, whereas, in the experiment on systemic alkalosis they become more sensitive. The same reasoning holds for the hypercapnia and acidosis experiments.
It may then be questioned if, under the conditions of the acidosis and alkalosis experiments, an actual change in pH of the blood results. While it is unfortunate that our facilities did not permit us to measure the pH and carbon dioxide content of the blood directly in our own experiments, the results of other investigators who have performed similar experiments for Other purposes permit us to arrive at a tentative conclusion to this problem. Haldane (10) and later Koehler (11) showed that ingestion of "acid-producing" salts in doses comparable to ours produced significant diminution of the alkali reserve of the blood. Measurable changes in blood pH and marked changes in the carbon dioxide content of the blood also occurred (11) . The definite changes in the excretion of urinary total acidity which we obtained in our experiments can, therefore, be taken to mean actual changes in acid-base balance of the blood.
The only apparent explanation which will permit correlation of the anoxemia and hypercapnia with the acidosis and alkalosis experiments is that the concentration of carbon dioxide, held presumably as H~CO3 and NaHCO3, isthe most important single factor in the responsiveness of the small cutaneous blood vessels as we have tested it. Thus, it is seen that in the anoxemia experiment in which the carbon dioxide was eliminated and removed by soda-lime, the sensitivity of the small dermal blood vessels decreased. In the hypercapnia experiment carbon dioxide was retained and, even though a considerable degree of anoxemia was also present, the small dermal blood vessel sensitivity remained unchanged. With alkalosis resulting from bicarbonate ingestion, carbon dioxide was retained to neutralize the increase in fixed bases in the blood, and the small dermal blood vessel sensitivity accordingly increased. Acidosis was accompanied by an elimination of carbon dioxide with a consequent decrease in small cutaneous blood vessel sensitivity. Similar results were obtained with respect to the contractile irritability of the cutaneous blood vessel reactions in response to graded mechanical stimulation in anoxemia and hypercapnia (7) . The irritability and blood flow of the smallest vessels of the skin are directly related, therefore, to the concentration of carbon dioxide in the blood. The evidence Gesell (12) has recently advanced which demonstrates that increases in tissue acidity produced by increases in blood carbon dioxide cause the actions of acetylcholine to be prolonged, lends added credence to this hypothesis.
The mechanism by which the concentration of carbon dioxide controls the above mentioned phenomenon cannot be explained at this time but this does not detract from the practical application and implications of the results. For example, McConnell and Weaver (13) observed that ingestion of ammonium chloride in dogs diminished the size of histamine wheals, while ingestion of sodium bicarbonate increased their size. They attempted to explain the results by a disturbance in calcium metabolism. In the light of the present experiments, it is possible that the changes in the histamine wheals which they observed resulted from the alterations in the small dermal blood vessel reactivity and blood flow consequent to the changes in blood pH.
Rous and Drury (14) have produced evidence that a condition of local acidosis exists in the skin of an extremity whose blood supply has been greatly reduced. In advanced arteriosclerosis obliterans of the extremities marked decrease in blood flow may occur. It was recently demonstrated, however, that in this disease the functional capacity of the finest skin vessels to respond by reactive hyperemia is not impaired. Evidently collection of other metabo-lites, including carbon dioxide and possibly the hypothetical "H" substance, prevents the effects of local acidosis from playing a dominant r61e in such a condition.
It is also interesting to speculate on the effects of prolonged periods of systemic acidosis such as occur in uncontrolled diabetes mellitus, upon the smaller skin circulation. In the light of the present findings of diminished reactivity of the small dermal blood vessels in systemic acidosis, one wonders if the acidosis of diabetes contributes, in this way, to the susceptibility of these patients to skin infections and degenerative dermal changes.
SUM~A~Y AND CO~CLCSlONS
The responsiveness of the smallest blood vessels of the human skin was measured in systemic anoxemia, hypercapnia, acidosis, and alkalosis. A method was used which measured quantitatively the reactive hyperemia produced by a standardized period of local ischemia of these fine vessels. By timing the clearing period of the threshold hyperemia response a direct indication of blood flow in these fine vessels was obtained. The following conclusions were reached concerning the responses of the smallest blood vessels of the skin.
1. Systemic anoxemia causes a decrease in sensitivity to local ischemia and a slowing of the blood flow.
2. Hypercapnia prevents the changes resulting from anoxemia. 3. These changes in the smallest blood vessels of the skin occur independently of changes in pulse rate, blood pressure, and respiratory rate and depth.
4. With systemic acidosis there is a decrease in sensitivity to local ischemia and a slowing of blood flow. The exact opposite takes place in systemic alkalosis.
5. The view is advanced, after due consideration of the facts, that the carbon dioxide concentration of the blood, or something directly associated with it, is the most important factor determining the sensitivity of these vessels, rather than oxygen saturation or changes in blood pH. BIBLIOGRAPHY 
